ABSTRACT: Improving efficiency of protein utilization is important for pregnant sows under restricted feed allowance and for lactating sows with limited feed intake. Sows have limited ability to support the growth of fetuses and mammary glands during late gestation and to support mammary growth and milk production, especially during first lactation period. A series of studies was conducted to characterize requirements and ideal ratios of AA for 1) fetal growth, 2) mammary gland growth of gestating sows, 3) maternal tissue gain of gestating sows, 4) mammary gland growth of lactating sows, and 5) maternal tissue gain of lactating sows. A total of 97 pregnant sows and their fetuses and a total of 174 lactating sows and their nursing piglets were used for these studies to collect fetal tissues, mammary tissues, and maternal tissues for AA analysis. Requirements and ideal ratios of AA for sows changed dynamically depending on stages of pregnancy. Suggested daily requirements for true ileal digestible Lys were 5.57 and 8.78 g, and relative ideal ratios for Lys:Thr:Val:Leu (on basis of AA weight) were 100:79:65:88 and 100:71:66:95 for d 0 to 60 and d 60 to 114 of gestation, respectively. Requirements and ideal ratios of AA for lactating sows changed dynamically depending on potential amounts of protein mobilization from maternal tissues, which are related to voluntary feed intake and milk production. Suggested ideal ratios for Lys:Thr:Val:Leu were 100:59:77:115 and 100:69:78:123 if BW losses of sows during 21 d of lactation are 0 and 33 to 45 kg, respectively. To optimize efficiency of dietary protein utilization by sows, the dietary AA content and ratios can be adjusted by stages of pregnancy (i.e., phase feeding) and by expected feed intakes or parities of sows during lactation (i.e., parity-split feeding) considering the dynamic changes in the requirements and ideal ratios of AA.
INTRODUCTION
Extensive studies have been conducted to define ideal AA patterns in the diets for nursery and growing pigs (Fuller et al., 1989; Chung and Baker, 1992; Tuitoek et al., 1997; Carter et al., 2000; Kim et al., 2001a) . Feeding pigs a diet with an ideal AA pattern should enhance the efficiency of protein utilization and reduce the excretion of N to the environment (Lenis and Schutte, 1990; Kerr and Easter, 1995) . Use of crystalline AA to ideally balance dietary AA ratios may allow reductions in dietary CP level and N excretion for growing pigs (Lenis and Schutte, 1990; Gatel and Grosjean, 1992; Kerr and Easter, 1995) . However, limited attention has been directed toward studying AA requirements and ideal ratios of dietary AA for pregnant and lactating pigs due to the complex conceptus products associated with fetal growth, mammary growth, milk production, and maternal nutrient mobilization during gestation and lactation. During recent years, a series of studies have been conducted to characterize AA needs for porcine fetal and mammary development. This article summarizes these data and proposes ideal balances of dietary AA for sows during gestation and lactation.
CURRENT PROBLEMS OF NUTRITIONAL STATUS FOR SOWS
The energy status of gestating sows can directly affect lactational performance. Overfeeding of energy can cause obesity at farrowing, which results in reduced voluntary feed intake and, therefore, increased BW loss during lactation (Lodge et al., 1966; Baker et al., 1969; Sinclair et al., 1998) . Reduced voluntary feed intake is an even greater problem for first and second parity sows than for mature sows. In the meantime, severe deficiency in energy intake can result in thin sows at farrowing, which causes problems for farrowing and lactation with decreased milk productions and litter weaning weights. To control energy intake of gestating sows, individual housing with feed restriction is a common practice. However, feed restriction can also limit protein intake, causing protein deficiency, especially during late gestation and lactation. Thus, considering limited feed allowance for energy restriction, it is important to provide a diet that permits high efficiency of protein utilization.
We obtained 320 fetuses from 33 sows during different days (i.e., d 0, 45, 60, 75, 90, 102 , and 110) of gestation (McPherson et al., 2004) and identified their location in the uterus. In addition to the data reported in McPherson et al. (2004) , recording BW of individual fetuses allowed characterization of litter fetal weight variation within a litter, as well as BW variation by their location. Figure 1 shows BW variations among fetuses within a litter on different days of gestation. Variations in BW were expressed as a CV (%) among the BW of fetuses in each litter. Means of the CV of each litter within a day group were compared using the general linear model (SAS Inst. Inc., Cary, NC). Litter weight variation was less on d 45 of gestation (P < 0.05) than those on later days of gestation. This indicates that litter weight variation occurred mainly after d 45 of gestation. Figure 2 shows fetal weights by their anatomical locations on uterus within a litter. Means of fetal weights from one location were compared with those from different locations on d 102 of gestation. Mean comparisons were made using the general linear model of SAS. There were no correlations between fetal weight and fetal location on d 30 and 60 of gestation. However, fetal weight decreased linearly (P < 0.05) as fetal position progressed from the anterior region of the uterine horn toward the cervix on d 102 and 112 of gestation (Figure 2 ). Increased fetal weight variation during late gestation may be due to a limitation of sows to provide sufficient nutrient support through blood for maximal growth of all fetuses (Wu et al., 2006) . These studies indicate that the current feeding program for gestating sows is suboptimal for fetal growth especially during late gestation. In support of this view, we recently found that dietary supplementation with Arg enhanced the litter birth weight of piglets born alive (Mateo et al., 2007) .
Under conventional management systems, newborn pigs only achieve a fraction of their potential growth rate while nursing their dam (Harrell et al., 1993) . In recent years, this has led to increased attention on the importance of nutrients, particularly AA, in lactation and mammary gland function in sows . Growth of the mammary gland during lactation affects the quantity of milk produced from sows and, ultimately, the growth of their offspring (Kim et al., 2000a) . Thus, a main goal for management of sows should include supporting maximal growth of the mammary gland. We used 61 primiparous sows to determine if the conventional feeding program for lactating sows supports maximal mammary gland growth (Kim et al., 1999b) . Sows were fed 4 diets with conventional or high dietary protein content with a combination of conventional or high dietary energy contents. Protein and total DNA contents in parenchymal tissues of individual lactating glands are good indicators of mammary gland growth and capability of milk production (Kim et al., 2000a) . Our study demonstrated that mammary gland growth was affected by dietary AA and energy intake during lactation (Kim et al., 1999b) . Growth of lactating glands was maximized when sows consumed 55 g of total Lys and 16.9 Mcal of ME per day during lactation, which exceeds nutrient requirements recommended by the NRC (1998). We also used 28 primiparous sows with various litter sizes during lactation (6 to 12 piglets). The quantity of AA accreted in mammary tissue was affected by litter size. Lysine (or essential AA) accretion was increased by 0.13 g/d (or 1.20 g/d) for each pig increase (per litter) during a 21-d lactation (Kim et al., 1999c) . Nielsen et al. (2002) 
IDEAL AA BALANCE FOR GESTATING SOWS
Because fetal and mammary tissue growth is rapid during late gestation, the AA needs are greater, particularly in primiparous sows. Muscle tissue growth must be accounted for in younger sows as part of their reproductive needs. In our recent studies with modern breeds of sows, particular attention was paid to the growth pattern of fetuses (McPherson et al., 2004) , mammary glands (Ji et al., 2006) , and maternal tissues (Ji et al., 2005) . The findings indicate that the growth of fetus and mammary gland occurred mostly during late gestation.
A fetus gains 17.5 g of protein in body tissues from d 0 to 70 (0.25 g of protein/d) and 203.7 g of protein from d 70 to 114 (4.63 g of protein/d). If a sow has 14 fetuses, it is 3.5 and 64.8 g/d of protein gain for early and late gestation, respectively. This is a 61.3-g/d difference (i.e., 64.8 -3.5 = 61.3) or an 18.5-fold increase (i.e., 64.8/3.5 = 18.5) in the rate of tissue protein gain between early and late gestation (McPherson et al., 2004) . Wu et al. (1999) measured AA composition in fetal pigs during different stages of gestation and found that this variable varied greatly as gestation progresses. Based on these results, we estimated protein and AA gain in the fetus and mammary parenchymal tissues during gestation (Table 1) . Changes in the rate and composition of tissue gain will affect the need of individual AA for fetal growth during gestation. Ideal protein for sows
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An individual mammary gland gained 11.2 g of protein in parenchymal tissues from d 0 to 80 (i.e., 0.14 g of protein/d) and 115.9 g of protein from d 80 to 114 (i.e., 3.41 g of protein/d). If a sow has 16 mammary glands, it is 2.2 and 54.6 g/d of protein gain for early and late gestation, respectively. This is a 52.3-g difference (i.e., 54.6 to 2.2 = 52.3) or a 24.4-fold increase (54.6/2.2 = 24.4) for the rate of parenchymal tissue gain between early and late gestation (Ji et al., 2006) . Kim et al. (1999a) measured AA composition in mammary parenchymal tissues and found that its composition was consistent during gestation and lactation (Table 1) . Changes in the rate of mammary parenchymal tissue gain will only contribute to changes in the needs of total AA (protein) for mammary parenchymal growth during gestation.
Currently available recommended dietary AA ratios for pregnant sows (NRC, 1998) are based on studies with growing pigs (Mahan and Shields, 1998) and considered to be constant throughout gestation (NRC, 1998) . However, with new information about the dynamic metabolism of AA in the porcine conceptus (Self et al., 2004; Wu et al., 2008a) , AA requirements of gestating sows are expected to vary greatly with gestational stage. Considering that N accretion rate in maternal tissues (including the placenta) increases (McPherson et al., 2004; Wu et al., 2005) and AA composition in fetal pigs changes (Wu et al., 1999) with gestation, a constant AA ratio in the diet for pregnant pigs seems unreasonable. Thus, based on our recent results (McPherson et al., 2004; Ji et al., 2006) , we have determined an ideal dietary AA pattern for pregnant gilts, as described in the following paragraph. However, contributions of AA from hair, skeleton, head, and feet were not obtained and, thus, were excluded from this calculation.
The ideal AA ratios for the diets of pregnant gilts were formulated on the basis of the following data and steps: 1) the weights and contents of CP and AA in carcass soft tissue, remaining viscera, gastrointestinal tract, liver, uterus, mammary gland, and fetuses in gilts at d 0, 60, and 114 of gestation were obtained from (2005); 2) the contents of individual AA in these tissues on each day of gestation were summed to obtain the total amounts of individual AA at d 0, 60, and 114 of gestation; 3) the accretions of individual AA between d 0 and 60 (early gestation) and between d 60 and 114 of gestation (late gestation) were calculated from the differences in AA contents between the first and the last day of each period (Table 2) ; 4) the Lys-based AA ratios for protein accretion were obtained (Table 2) ; 5) the adjusted BW of gilts at d 60 and 114 of gestation was obtained by subtracting the weights of mammary gland and reproductive tract from the entire BW, representing the BW of the gilts that are not pregnant but of the same age at the first and the last days of each period; 6) the true ileal digestible Lys needs for maintenance in the early and late gestation were calculated using 36 mg/BW 0.75 kg (NRC, 1998) where BW was the average adjusted BW of each phase; 7) the needs of other essential AA for maintenance were calculated from the true ileal digestible Lys need and the Lys-based AA ratios for maintenance suggested by NRC (1998; Table 2); and 8) the amounts of AA required for protein accretion and maintenance were summed to obtain the AA needs for pregnant gilts and were used to calculate the Lys-based AA ratios (Table 2) .
Lysine requirements for gestating sows to support the needs for maternal, fetal, and mammary tissue gains distinctly differ, which are 5.57 and 8.78 g/d for d 0 to 60 and d 60 to 114 of gestation, respectively, when combining the Lys needs for tissue gain and maintenance. Based on relative ratio to Lys, sows in early gestation (i.e., d 0 to 60) would require increased amounts of Thr, whereas sows in late gestation (i. (Table 2 ). These changes in the relative importance of different AA are due to increased AA needs for fetal and mammary parenchymal tissues during late gestation. We further conducted a feeding study to evaluate if the use of our ideal AA patterns would improve sow performance during gestation and the subsequent lactation. We used 20 pregnant gilts (Camborough-22, PIC, Franklin, KY) allotted to 2 dietary treatments from d 30 of gestation (n = 10). Sows were fed a corn-soybean meal-based control diet (CONg) or a diet with the ideal AA pattern (IPg; 2.0 kg/d, as-fed basis; Table  3 ). All diets contained 3.1 Mcal of ME/kg and 12.2% CP, as-fed basis. All diets also contained essential AA, meeting or slightly exceeding the requirements recommended by the NRC (1998), whereas their AA ratios differed among diets. Thus, this study was to compare quality of proteins from corn and soybean meal with proteins from those with supplemental free AA to match the ideal ratio. Body weights and plasma urea N contents (Wu and Knabe, 1994) were measured at d 30, 60, and 109 of gestation, immediately after farrowing (within 12 h), and at d 7, 14, and 21 of lactation. Data were analyzed using PROC MIXED (SAS Inst. Inc.) as a completely randomized design with the measures at different days of gestation or lactation as repeated measures. Treatments and sows were used as main effects. Least-squares means, probability of differences, and SE were used to evaluate the differences between the control and ideal protein groups.
Body weight gain of the IPg group (49.9 ± 2.1 kg) was greater (P < 0.01) than for the CONg group (39.2 ± 2.1 kg), whereas the CONg group (1.40 ± 0.37 mm) lost more (P < 0.05) backfat than the IPg group (0.00 ± 0.37 mm) during gestation. Serum urea concentrations in the IPg group were less at d 90 (P < 0.05) and 109 (P < 0.01) of gestation, when compared with the CONg gilts (Table 4) . A low circulating concentration of urea may result from decreased availability of ammonia due to enhanced protein synthesis and reduced AA oxidation (Wu and Morris, 1998) . There were no changes in piglet birth weights and litter size at birth. Additionally, litter weight variation at birth, expressed as a CV (%) among the BW of piglets in each litter, was smaller (P < 0.05) for the IPg group (14.4 ± 1.3%) than the CONg group (18.5 ± 1.4%; Table 4 ). These results indicate that when pregnant primiparous sows receive a diet with ideally balanced AA, sows can conserve dietary AA for maternal tissue gain and for reducing fetal weight variation. An early study by Rip- Mahan and Mangan (1975) reported similar results. However, these earlier studies did not report the litter weight variation at birth.
IDEAL AA BALANCE FOR LACTATING SOWS
Milk production and growth of lactating mammary parenchymal tissues contribute to AA needs for sows during lactation. In the case of limited voluntary feed intake, maternal tissue mobilization, mainly composed of protein and fat, contributes to the AA needs for milk production and mammary tissue growth (Trottier and Johnston, 2001; Kim and Easter, 2003) . Protein synthesis can be improved when the ratio of AA from both dietary protein and body tissue mobilization matches the needs for whole body protein synthesis (Richert et al. 1997) , thereby minimizing excess AA oxidation. Currently available recommended ratios for dietary AA for lactating sows (NRC, 1998) indicate a fixed ratio regardless of sow BCS during lactation. However, our research shows that most common corn and soybean meal-based lactation diets do not provide an AA pattern that is ideal for lactating sows (Kim et al., 2001a) . We obtained the ideal dietary AA pattern by comparing differences in amounts of individual AA between those from maternal tissue mobilization during lactation and those used for mammary parenchymal tissue gain and for milk production. Thus, our ideal dietary AA pattern can be varied when the balance between these components is altered (Kim et al., 2001a) . To understand AA needs and ideal ratios for mammary parenchymal tissues and milk production, as well as AA contributions The true ileal AA digestibilities of corn and soybean meal are adapted from Stein et al. (2001) , and those of alfalfa meal are adapted from NRC (1998).
from maternal tissue mobilization, we have conducted a series of studies as described subsequently.
As a first step, we characterized the growth pattern of lactating mammary glands (Kim et al., 1999a) , showing that 1.0 g/d of Lys (or 7.0 g/d of essential AA) is incorporated into mammary parenchymal tissue for sows with 10 nursing pigs. However, nonsuckled extraneous mammary glands undergo substantial involution during the first 7 to 10 d of lactation (Kim et al., 2001b) , which could partly contribute to AA needs for lactating mammary glands. During lactation, the amounts of essential AA taken up by mammary glands, secreted as milk proteins, and retained in mammary glands were 188.5, 139.5, and 49.0 g/d, respectively (Trottier et al., 1997) . Thus, among the 49.0 g/d of retained essential AA, 7.0 g/d (i.e., 14%) was accreted as a mammary tissue and the remaining 86% was transformed to other nonessential AA and nitrogenous substances or oxidized for energy (Richert et al., 1998) . have shown that the use of ideal protein concept suggested by Kim et al. (2001a) in feeding primiparous sows (n = 12) during lactation improved litter weight gain without affecting maternal BW loss and feed intake during lactation. However, Ji et al. (2004) demonstrated that the use of ideal protein concept in feeding second and third parity sows (n = 16) did not affect the litter weight gain, whereas maternal BW loss reduced (P < 0.05) only for second parity sows. It will be interesting to have further validation with a large number of sows.
Milk production is relatively unaffected by modest dietary protein restriction because sows have remarkable capacity to mobilize body protein to support AA needs for milk protein synthesis (Revell et al., 1998) , and thus maternal mobilization would respond to modest dietary protein restriction by providing AA. However, severe protein restriction during lactation decreases milk production (Knabe et al., 1996; Jones and Stahly, 1999) . Interestingly, Pluske et al. (1998) showed that dietary protein fortification via a stomach cannula did not increase milk production, although it did decrease maternal tissue loss during lactation. Thus, maternal protein mobilization would respond sensitively to the changes in dietary protein supply, whereas milk production is rather stable.
We demonstrated previously that the concentrations of protein-bound AA in milk of the sow are similar between d 7 and 21 of lactation (Wu and Knabe, 1994; Kim and Wu, 2004) . Milk from mature sows contains approximately 5.2% CP (Tilton et al., 1999; Renaudeau and Noblet, 2001 ). However, the CP in milk consists of significant amounts of urea (6.0 mmol of defatted milk/L) and ammonia (1.4 mmol of defatted milk/L) nitrogen (Wu and Knabe, 1994) . Thus, true protein levels in milk should be determined by quantifying individual AA (Wu and Knabe, 1994; Kim and Wu, 2004; Mateo et al., 2008) . To estimate the intake of AA from milk, it is necessary to properly express concentrations of AA in milk (e.g., g/L of whole milk) and the amount of milk produced (Toner et al., 1996) . Available evidence Ideal protein for sows
shows that the profiles of AA in plasma of sows (Wu et al., 1999) differ markedly from the AA patterns taken up by mammary glands or those in milk of the sow (Trottier et al., 1997) . These differences in AA patterns reflect different rates of AA transport by mammary tissue and extensive transformation of AA (i.e., synthesis and catabolism) in mammary tissue (O'Quinn et al., 2002) . When sows do not receive adequate amounts of dietary AA, maternal tissue proteins, particularly skeletal muscle proteins, are mobilized to support milk production. Excessive mobilization of maternal protein often results in reproductive failure for the next parity (Jones and Stahly, 1999) . Therefore, establishing optimal AA requirements of lactating sows not only maximizes milk yield for nursing pigs, but also helps to retain maternal body nutrient reservoir for subsequent parities (NRC, 1998; Kim and Easter, 2003) . Amino acid mobilization occurs from various maternal issues at different rates (Escobar, 1998; Kim and Easter, 2001 ). Muscle is the major AA donor during food deprivation or inadequate provision of dietary protein . Dourmad et al. (1998) reported that high-producing sows need at least 55 g/d of dietary Lys for minimal BW loss, and this requirement is the same as the Lys need for maximal mammary gland growth (55 g/d) suggested by Kim et al. (1999b) . However, maintaining sows in an anabolic state during lactation may not alone be sufficient for improving sow fertility . Thus, a primary target should be to minimize body protein loss from the sows. Kim et al. (2001a) suggested an ideal dietary AA pattern for lactating sows based on the concept that different AA patterns are needed for tissue protein, milk protein, and dietary protein. These correlated profiles would affect the final dietary AA pattern needed for sows during lactation. Some concentrations of essential AA in milk protein are greater than those released from tissue mobilization and in a common corn-soybean meal-based diet. Amino acids needed for mammary gland growth may also affect the ideal dietary AA pattern. Considering these factors, the ideal dietary AA patterns for lactating sows are likely to change dynamically while responding to the expected maternal protein loss during lactation (Table 5) . Body condition and the expected levels of AA mobilization are important factors that must be considered in designing diets for lactating sows. This dynamic ideal protein concept would allow for a more precise estimation of AA needs for lactating sows. Kim et al. (2001a) showed that Lys is the primary limiting AA for sows for various voluntary feed intake and tissue mobilization. For sows with a low voluntary feed intake causing substantial tissue mobilization during lactation (i.e., primiparous and second parity sows), Thr is a critical limiting AA. For sows with a high voluntary feed intake and, thus, with limited tissue mobilization (i.e., multiparous sows), Val becomes increasingly important during lactation (Kim et al., 2001a) . To apply this dynamic ideal protein pattern, lactation diets can be designed for sows based on their expected levels of tissue mobilization during lactation, which would be related to their parity. A paritysplit feeding system would be a practically feasible way of applying dynamic ideal protein concept in feeding lactating sows. Soltwedel et al. (2006) evaluated the limiting order of AA in a corn-soybean meal lactation diet for sows losing about 25 kg of BW during a 21-d lactation. This would correspond to about 30% level of tissue mobilization as calculated by Kim et al. (2001a) , that is, 30% of the AA output in milk being provided by tissue protein breakdown in the sows. Soltwedel et al. (2006) diluted (with starch) a 17.2% CP corn-soybean meal diet (0.90% Lys) to 9.9% CP and 0.52% Lys. Thus, the low protein, low Lys diet contained the same AA profile as a typical corn-soybean meal lactation diet. Using plasma urea N as an indicator of AA limitation, The values in the first row refer to 21-d BW loss (in kg) of sows during lactation estimated based on amount of protein loss and tissue composition measured by Kim et al. (2001a) . 3 The values in the second row refer to the percentage of AA in milk output that are derived from tissue protein catabolism in the sow. 4 The NRC (1998) estimates do not consider tissue protein mobilization.
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This assumes that a typical corn-soybean meal diet (0.90%) is fed during lactation.
Lys was found to be first limiting, and Thr was more limiting than Val, which is in agreement with Kim et al. (2001a) but not the recommendation of NRC (1998). These results provided convincing empirical evidence that the AA profile in a typical corn-soybean meal lactation diet has Lys, Thr, and Val as its first, second, and third limiting AA, that is, under conditions in which substantial BW loss and protein depletion are occurring during lactation. The implications of the results of Soltwedel et al. (2006) are that the ideal ratio of Thr:Lys does not exceed 0.63, and the ideal ratio of Val:Lys is less than 0.81 for lactating sows losing 25 kg of BW during a 21-d lactation. These ratios support the results from Kim et al. (2001a) for sows with similar BW loss during lactation.
SUMMARY AND CONCLUSIONS
This review summarized our research to characterize AA requirement and ideal AA balance for lactating and pregnant sows. Establishing optimal requirements of AA is critically important for maximizing the productive performance of gestating and lactating sows. Recent research demonstrated that current feeding strategies for these sows may not adequately provide for AA needs in these animals. Gestation feeding programs may need to be revised to include increased provision of AA in the second half of gestation to support increased protein use for fetal and mammary gland growth. Ideal patterns of dietary AA dynamically change between d 60 and 114 of gestation in swine, which can be applied to feeding gestating sows by having multiple phases. If a phase feeding strategy is adopted, it will provide a more suitable AA pattern for fetal and mammary gland growth while minimizing unnecessary fat gain during gestation. In addition, the lactation feeding program needs to be modified to better reflect changes in feed intake or BW loss of sows and to enhance milk production. If a parity-split feeding system is practically feasible, first and second parity sows should be fed different diets than those for multiparous sows because of the differences in their ideal dietary AA patterns, AA requirements, voluntary feed intake, and BW loss. Sows should be fed diets formulated according to accurate AA requirements and ideal dietary AA patterns, which will lead to improved performance and ultimately to more efficient swine production. However, it seems that practical application of a phase feeding and a parity-split feeding may be challenging at this time. Multiple feeding lines and feed storage bins are required to handle these feeding practices, and typical sow barns are not ready to handle these yet. In the meantime, top-dressing of AA can be an alternative way to cope with the complexity of phase-feeding or parity-split feeding. Specific stage of gestation or specific parity groups can be top-dressed for deficient nutrients, which can be done manually, eliminating the needs of additional feeding lines.
